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Abstract: Recent research has revealed that the dynamics of autumn phenology play a decisive role in
the inter-annual changes in the carbon cycle. However, to date, the shifts in autumn phenology (EGS)
and the elements that govern it have not garnered unanimous acknowledgment. This paper focuses
on the Yellow River Basin (YRB) ecosystem and systematically analyzes the dynamic characteristics
of EGS and its multiple controls across the entire region and biomes from 1982 to 2015 based on
the long-term GIMMS NDVI3g dataset. The results demonstrated that a trend toward a significant
delay in EGS (p < 0.05) was detected and this delay was consistently observed across all biomes.
By using the geographical detector model, the association between EGS and several main driving
factors was quantified. The spring phenology (SGS) had the largest explanatory power among the
interannual variations of EGS across the YRB, followed by preseason temperature. For different
vegetation types, SGS and preseason precipitation were the dominant driving factors for the EGS in
woody plants and grasslands, respectively, whereas the explanatory power for each driving factor
on cultivated land was very weak. Furthermore, the EGS was controlled by drought at different
timescales and the dominant timescales were concentrated in 1-3 accumulated months. Grasslands
were more significantly influenced by drought than woody plants at the biome level. These findings
validate the significance of SGS on the EGS in the YRB as well as highlight that both drought and
SGS should be considered in autumn fall phenology models for improving the prediction accuracy
under future climate change scenarios.

Keywords: autumn phenology; climate change; drought; spring phenology; geographical detector

1. Introduction

Vegetation phenology is a crucial aspect of understanding how plants and ecosystems
respond to the surrounding environmental conditions [1,2]. The timing of phenological
events not only reflects the changes in terrestrial ecosystems but also enables the monitoring
of climate change across various regions and scales [3,4]. Currently, plenty of investigations
utilizing satellite remote sensing data and in-situ records have considerably advanced our
comprehension of spring phenology (start of growing season, SGS) in recent decades [5-8]
and a unanimous conclusion has been reached that temperature is the first key to controlling
changes in SGS [9]. By contrast, there have been significant works pointing to the spatial
pattern of autumn phenology (end of growing season, EGS) trends that are much more
heterogeneous than that of SGS. For example, a delayed trend of EGS over the past decades
has been found across North America [10], Eurasia [11] and China [12] by using satellite
data, yet, an advanced trend has been observed in EGS in Siberia, Central Eurasia [13] and
the Great Lakes region of Central Asia [14]. Furthermore, inconsistent trends in EGS have
been observed across different study periods [15,16] and there is no trend in EGS during
the global warming hiatus [17]. Though the trends of the seen changes are not yet clear,
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earlier studies indicate the variation in EGS is closely associated with climate change [18,19]
and highlight that it could play a fundamental role in controlling inter-annual fluctuations
in ecosystem productivity as well as in regulating the nutrients cycle [20-22]. Therefore,
the investigation of EGS dynamic changes and their corresponding driving factors can
help enrich our understanding of the response and feedback mechanisms of terrestrial
ecosystems to climate change in the context of continuous global warming and is also of
great significance in improving the accuracy of autumn phenology models.

From the perspective of plant physiology, the photoperiod is widely recognized as
the principal factor influencing EGS. Multiyear experiments from controlled environments
(e.g., growth chambers) have suggested that leaf senescence would be triggered when the
photoperiod is below the critical threshold [23]. It has been discovered that leaf senescence
in regions with severe winter conditions is heavily influenced by photoperiods [24] but
there are no consistent conclusions in other regions. Additionally, a growing number
of research speculates on the coregulatory effects of the photoperiod and temperature
on EGS [25,26]. As demonstrated by Worrall [27], when the photoperiod shortens and
temperatures decrease in autumn, an abscission zone begins to form at the base of the
petiole, leading to the degradation of plant chlorophyll [28]. Meanwhile, some studies set
out to focus on investigating the impacts of temperature on EGS, and pieces of evidence
have proven that warming played a critical role in regulating EGS [29,30], especially for
vegetation in lower altitude regions [31]. Recent studies have also proposed that the
impacts of diurnal and night-time warming on EGS vary across different regions [32,33].
However, the spatial and temporal variations in EGS could not be fully explained by
temperature, particularly in the water-constrained regions [34]. Precipitation controls
the EGS by indirectly affecting the thermal requirement, nutrient availability and soil
water content [35,36]. For instance, Zhang et al. [37] found that preseason precipitation
had a more pronounced influence on EGS compared to SGS in Northern China. Liu
et al. [13] demonstrated that preseason precipitation plays a dominant and positive role
in the grassland across the Northern Hemisphere (NH), whereas the sensitivity of EGS to
precipitation in the NH gradually decreased from 2001 to 2015 [15]. It follows that these
intricate response patterns have given rise to significant heterogeneity in the relationship
between the climate and EGS.

Although extensive research has been conducted on the impact of climate-forcing
factors such as temperature, precipitation and photoperiod on the EGS (ecosystem goods
and services), there is still a significant gap in understanding the effects of drought on
EGS in different periods [38]. Drought, being a highly intricate climate phenomenon,
has severe implications on vegetation growth, productivity and mortality as it disrupts
the water network of vegetation roots [39-41]. Several studies on grasslands in China
and Canada have observed that drought in summer and autumn advanced
EGS [42,43], while the opposite result was found in deciduous trees in Northeastern
USA [26,44]. According to a recent study, the advance of EGS in alpine and temperate
grasslands in China is influenced more by meteorological drought than by temperature [45].
Moreover, Ge et al. [46] suggested that there is a strong link between EGS and drought,
with the EGS of farmland and forest exhibiting considerable vulnerability to drought at
monthly and annual scales, respectively. The impact of drought on EGS is evident, although
it differs based on the region and vegetation type. Therefore, it is crucial to examine the
influence of drought on EGS. Furthermore, considering the notable rise in the intensity and
frequency of drought events in recent years, with further expected intensification in the
coming decades, particularly in semiarid regions [47], a comprehensive exploration of the
correlation between these factors could offer valuable insights into understanding future
phenology in response to climate change.

Generally, the cycle of plant phenology is commonly considered as an integrated
indicator, where the timing of each phenological stage depends, to some extent, on the
development of the previous stage(s) [48,49]. This means that, in addition to being regulated
by environmental factors, the EGS also has a strong dependence on the growth status
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of vegetation prior to EGS [16]. Previous studies have observed that an earlier SGS is
associated with an earlier EGS in both temperate deciduous forests and grasslands of
the NH. [13,18]. The mechanisms of interaction among phenological events might be
attributed to excessive water consumption during earlier SGS, which leads to summer
drought, ultimately causing the corresponding advancement of EGS. On the other hand,
it is believed that carbon capture increases after earlier SGS, which inhibits the capacity
of photosynthesis and constrains the productive season length in sink-limited plants [50].
Moreover, Peng et al. [51] reported that among various potential driving factors, SGS
played a prominent role in influencing changes in EGS in the Tibetan Plateau. However,
this is not unanimously recognized by other research results, and the importance of the
effect of SGS on EGS varies between analyses. For instance, Ren et al. [52] and Fu et al. [53]
discovered a notable negative correlation between EGS and SGS in temperate grasslands
of the NH and the northeastern Greater Khingan. Evaluations conducted at the site level
have also concluded that the contribution of SGS to EGS is relatively smaller compared to
climatic factors. Furthermore, the EGS of tree species in China was found to be associated
more with the combined effects of climate and phylogeny than with SGS [54].

The results mentioned above indicate that the responses and sensitivities of autumn
phenology to environmental cues and SGS were diverse. This diversity further complicates
the task of identifying the dominant factor that contributes to variations in EGS. Although
previous studies have made strenuous efforts to explore the relationship between EGS and
driving factors, research on quantifying the contributions of these factors to EGS remains
challenging. Even though most studies attempt to quantify the control of the driving factor
in the dynamic changes in EGS based on a linear hypothesis [55,56], in reality, the response
of the ecosystem to factors has been shown to be nonlinear due to the existence of complex
interactions and feedback mechanisms among the driving factors [57]. Therefore, how
to effectively quantify the independent contributions of driving factors to the dynamic
changes of EGS still needs further research.

The Yellow River Basin (YRB), the second-largest river basin in China, plays a pivotal
role in China’s ecological security. The violently undulating terrain, complex and diverse
landform types and various hydrothermal combinations contribute to the development of a
wide range of vegetation types. Works in the literature have recorded that the temperature
in the YRB has increased significantly, while precipitation has shown an insignificant
decreasing trend since the 1950s [58,59]. Meanwhile, the drought coverage, frequency and
trend in the whole basin have been constantly increasing [60]. Therefore, the YRB is an ideal
region to investigate how autumn phenology responds to multiple environmental factors.
Previous studies used different types of data to analyze the phenology of the Yellow River
Basin and found that the delay in vegetation EGS in the region over the past three decades
was regulated by the preseason night-time temperature [61] but since 2000, the influence of
precipitation on EGS has become the dominant factor [62]. However, these studies were
either limited to the study of climate effects on phenology or the analysis of phenology
response to potential driving factors based on linear, trend and correlation methods, while
ignoring the impact of spatial heterogeneity of factors, which has an important influence
on the spatial distribution of phenology. Thus, the primary goals of this study were to (1)
explore the spatial-temporal variation trend of EGS in the YRB and different vegetation
types from 1982 to 2015; (2) unravel the relationship between each driving factor and EGS;
(3) quantitatively measure the contribution of each driving factor on the EGS distribution
and distinguish the disparities among vegetation types; and (4) investigate the effects of
drought on the EGS.

2. Materials and Methods
2.1. Research Area

The YRB (95°53/-119°5'E, 32°10'—41°50’N) encompasses four geomorphic units from
west to east and covers approximately 7.83% of China’s land area. One significant climatic
characteristic of YRB is the marked temperature variation. From the southwest to the



Remote Sens. 2023, 15, 5058

4 0f 21

southeast, temperatures change from cold to warm, with an annual mean temperature
ranging between —7 °C and 14 °C. Under the control of the typical monsoon climate,
the mean annual precipitation is approximately 476 mm, with summer being the wettest
period [51]. As a consequence of the complex terrain as well as varying hydrothermal
conditions, the vegetation types in the YRB can be classified into five categories: deciduous
broad-leaved forest (DBF), deciduous coniferous forest (DNF), evergreen coniferous forest
(ENF), cultivated vegetation (CV) and grassland (Figure 1).
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N
42°N wli 420N
,/‘f\ ~ )\/5 k?
38°N 38°N
34°N 34°N
Study area — Yellow river 'Grasslands Desert
0 200 400 B Deciduous needle-leaf forest Bl Deciduous broadleaf forest
m km B Evergreen needle-leaf forest | Cultivated vegetation @
42°N 42°N
38°N| 38°N
34°N A - 34°N
mean temperature (°C) 0 40 0 average annual precipitation (mm)
[ e |
m—km 6 3 0 3 6 9 12 (v === km 200 400 600 800 1000 (o)

100°E

105°E 110°E 115°E 100°E 105°E 110°E 115°E

Figure 1. Location of the YRB (a) and spatial pattern of mean air temperature (b), average annual
precipitation (c).

2.2. Dataset Sources

The third-generation NDVI (NDVI3g) used in this study was released by the Global
Inventory Monitoring and Modeling Study (GIMMS) (https://ecocast.arc.nasa.gov/data/
pub/gimms/3g.v1/ (accessed on 10 July 2022)). This dataset covered the period from
1982 to 2015, with a spatial resolution of 1/12 degree and 15-day time steps. The various
negative effects and noises associated with the change in satellite sensors, orbital drift,
atmospheric interference and nonvegetation dynamics were eliminated [63].

Data on gridded daily air temperature (Tem) and precipitation (Pre), with a resolu-
tion of 0.5° x 0.5°, were collected from the China Meteorological Administration for the
period 1982-2015. The gridded daily absorbed downward shortwave solar radiation (Ssd)
data with a resolution of 0.1° x 0.1° were provided by the China Meteorological Forcing
Dataset [64]. Both of the two datasets have been applied in recent climate change and
phenological research.

The vegetation type raster map was compiled by the Chinese Academy of Sciences
(https:/ /www.resdc.cn/data.aspx (accessed on 21 October 2023)).

The standardized precipitation and evapotranspiration index (SPEI), which is a multi-
scalar drought index that measures the imbalance between precipitation and potential evap-
otranspiration, was obtained from the SPEIbase v.2.5 (http:/ /spei.csic.es/database.html
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(accessed on 18 April 2022)). The gridded monthly data have a spatial resolution of 0.5° [65].
SPEI on 1-12 month timescales and were utilized to capture the potential impacts of drought
on vegetation growth cycles.

To fulfill the identical spatial resolution of the NDVI dataset, the resampling method
was applied to all datasets analyzed in this study.

2.3. Extraction of Phenology Metrics

The original NDVI was processed using the Savitzky—Golay (SG) filter to eliminate
abnormal values caused by residual noise. Considering that the bare soil and sparse
vegetation will have a certain influence on the trend of NDVI, for subsequent analysis,
pixels that displayed a mean annual NDVI lower than 0.1 over the entire duration of
34 years were excluded [66].

The Polyfit-Maximum method was employed to extract phenological information
(SGS and EGS) from the NDVI time series [67,68]. The specific steps were as follows:

First, for every pixel, the average seasonal NDVI curves at 15-day intervals from 1982
to 2015 were calculated. Then, we applied the formula (Equation (1)) to ascertain the
relative change.

NDV 1,40y = (NDVIi11 — NDVI)/NDVI, 1)

where NDV1, 4,y is the relative change in NDVI and ¢ is the time (temporal resolution
of 15 days). We then detected the time, t, with the maximum NDVI,;, and used the
corresponding threshold, NDVI(t), to determine the SGS; similarly, the minimum NDVI,,
at time, t, was detected and the corresponding threshold, NDVI, ), was used to determine
the EGS. Additionally, the time series of NDVI data were filtered using an inverted 6-degree
polynomial function (Equation (2)) [69].

NDVI; = a+ ayt! + apt? + ast® + agt* + ast® + agt® )

where ¢ is the Julian days. a1, ap, a3. . ., ag are the fitted coefficients obtained from the least
square regression.

2.4. Statistics and Analysis
2.4.1. Trend Detection

The Theil-Sen median method was used to explore the magnitude of the trend in EGS
across the YRB from 1982 to 2015 at the pixel level.

Q:median(”) 1<i<j<n ©)

where Q is the Sen’s slope; x; and x; indicate the sequence value at time, j and i, respectively;
the median is calculated from all pairs of observations in the time series. Q > 0 suggests
that the EGS is delayed, and Q < 0 suggests that the EGS is advanced. The Mann-Kendall
nonparametric statistical test was used to determine the significance of the EGS variation
trend [70].

2.4.2. Correlations between EGS and Driving Factors

The objective of this study was to investigate the impact of climatic factors on EGS
through the implementation of a partial correlation analysis. This approach was adopted
specifically to enable us to investigate the relationship between EGS and a single climatic
factor and eliminate the compound effects of the other remaining factors [13]. Typically, the
advance or delay of phenological events is influenced by their regulators over a specified pe-
riod [71]. It has been found that the climatic conditions in the several days/months prior to
phenological events play a pivotal role in the development of vegetation phenology [58,59].
Therefore, the term “preseason” is used to refer to a specific period before a phenological
event [72]. Taking temperature as an example, for each pixel, the preseason in this study
was defined as the period (with a one-month time step) before the averaged multiyear EGS
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date for which the partial correlation coefficient between EGS and mean temperature was
highest, controlling for total precipitation, total solar radiation and SGS [73,74]. The pre-
cipitation and radiation involved here were for the same period as the mean temperature.
According to past studies, the maximum range of this period for each pixel was set from
June to the multiyear average date of EGS [51,66]. The preseason for precipitation and solar
radiation was identified in the same way. Similarly, to determine the impact of SGS on EGS,
a partial correlation analysis of SGS and EGS was implemented as well as controlling for
preseason climate variables.

2.4.3. Geographical Detector Model

A GDM is a type of spatial statistical method that detects the consistency of spatial
distribution patterns between dependent variables and independent variables through
spatial heterogeneity and that reveals the relative importance of independent variables in
explaining spatial differentiation [75]. This method has shown good performance in recent
research applications in various fields [76,77]. In this study, we examined the explanatory
power of climate factors and SGS on EGS by utilizing preseason climate factors and SGS as
independent variables and the change rate of EGS as a dependent variable. The formula
for the explanatory power of each factor is as follows:

i Nwo? | Ssw

Ng2 SST @)

where g, (€[0, 1]) is the power of the driving factor x; h = 1,.. ., L is the stratum (category)
of EGS for driving factor x. The physical meaning of the g value is that the independent
variable x explains 100 x g% of the dependent variable EGS; N}, and N are the total sample
numbers of the & stratum and overall period (1982-2015), respectively; o7 and ¢ are the
variances of EGS in the h stratum and overall period, respectively. SSW and SST are the
number, variance and sum of the variance of units in & and the whole area, respectively.

2.4.4. Cumulative Effects of Drought on EGS

The Pearson correlation analysis was employed to assess the impact of drought on
EGS, aiming to determine the cumulative effect [78]. Specific steps were represented as
follows: First, we acquired the month of EGS for every pixel across the period of 1982-2015
(EGSm) and then extracted 12 monthly SPEI values corresponding to the EGSy, from 1-
to 12-month SPEI in each year. Next, the Pearson correlation was used to explore how
EGS responded to accumulated SPEI at a 1- to 12-month time scale. Subsequently, all
correlation coefficients between EGS and SPEI were considered to determine the cumulative
effect at this pixel (Equation (5)). Finally, we retained the absolute maximum correlation
coefficient (Rmax) along with the corresponding SPEI time scale in which Rmax was achieved
(Equation (6)).

R; = corr(EGS,SPEIj) 1<j<12 (5)

Ry = max(R]-) 1<j<12 (6)

where R; is the Pearson correlation coefficient between EGS and SPEI, j is the accumulated
time from 1- to 12-month SPEI and R,y is the maximum value of R]-.

3. Results
3.1. Spatio-Temporal Variations of EGS

Spatially, the postponement in EGS was observed across the majority of the YRB
(89.3%) (Figure 2), and the pixels distributed in the central and western parts of the YRB
showed significant delays. Conversely, a small percentage of 10.7% of the pixels exhibited
an advanced trend, primarily found in the southwestern parts of the YRB. In terms of
temporal changes in EGS, the YRB witnessed an annual increment in the mean delay of
EGS by 0.42 days from 1982 to 2015 (Figure 3).
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Figure 2. Spatial distribution of the linear trend of EGS. Top-left inset illustrates the significance of
the trend (pink denotes statistical significance at a 95% confidence level). Top-right inset plot shows
the frequency distribution of EGS.
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Figure 3. Average linear trend and standard deviation of EGS in different vegetation types across the
YRB from 1982 to 2015. * indicates statistical significance at a 95% confidence level.

For different vegetation types, a uniformly significantly delayed trend in EGS was
found with a range from approximately 0.37 to 0.53 days/yr. Specifically, the CV
(0.53 days/yr) had the greatest delay in EGS, followed by grassland (0.50 days/yr) and
DBF (0.44 days/yr).

3.2. Relationships between Climatic Factors and EGS

In general, across the YRB, widespread positive correlations between EGS and presea-
son temperature (79.0%) and preseason precipitation (80.6%) were observed (Figure 4a,b).
Specifically, in the southern region of the YRB, the preseason temperature displayed a
noteworthy positive partial correlation with EGS (21.1%), whereas EGS demonstrated a
concentrated positive partial correlation (32.4%) with preseason precipitation in the central
areas of the YRB. Additionally, the areas where EGS was negatively correlated with pre-
season temperature/precipitation are concentrated in the northwestern parts and western
parts, respectively. On the contrary, the spatial relationship between EGS and preseason
solar radiation displayed considerable ambiguity (Figure 4c); that is, the proportion of
positive (46.7%) and negative (53.3%) partial correlation coefficients was almost unanimous.
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100°E

The significant negative partial correlation between EGS and preseason solar radiation
accounted for 8.3%, mainly distributed on the edge of the northeast of the YRB. However,
EGS in the center of the YRB was significantly positively correlated with preseason solar
radiation (5.2%).

105°E 110°E 115°E 100°E 105°E 110°E 115°E

42°N
38°N

34°N
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34°N
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Partial CoefTicient
= | I |
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Figure 4. Spatial distribution of partial correlation coefficients between EGS and preseason tempera-
ture (a); preseason precipitation (b); and preseason solar radiation (c) in the YRB. Coefficient values
of £0.46 and £0.36 are indicated at the 99% and 95% significance levels, respectively. Top-left insets
represent the frequency distributions of the corresponding coefficients of which the values were
indicated by the map legend.

For each type of vegetation, more than 70% of the pixels displayed a positive partial
correlation between EGS and the preseason temperature. Out of these positive correlations,
around 17% were deemed statistically significant (Figure 5). By contrast, the percentage
of pixels demonstrating a notable positive partial correlation between EGS and preseason
precipitation varied across different biomes. Specifically, the lowest proportion of significant
positive partial correlation (1.7%) was found in the case of DNF. However, for grasslands, a
much higher proportion of pixels (90.3%) displayed a positive relationship between EGS
and preseason precipitation, with 36.5% of pixels being significant. Additionally, the partial
correlations between EGS and preseason solar radiation were vegetation-type-dependent.
Specifically, EGS was positively correlated with preseason solar radiation in DNF and
DBE, whereas EGS for ENF was negatively correlated with preseason solar radiation. As
for grassland and CV, the proportions of EGS negatively correlated with preseason solar
radiation were 55% and 60.9%, respectively.
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Figure 5. The frequency distribution of partial correlation coefficients between EGS and climatic
factors for each vegetation type in the YRB: (a) deciduous coniferous forest; (b) evergreen coniferous
forest; (c) deciduous broad-leaved forest; (d) grassland; (e) cultivated vegetation. Blue, red and
yellow represent the frequency distribution of partial correlation coefficients between EGS and
preseason precipitation, preseason temperature and preseason solar radiation, respectively. Texts in
each subfigure present the percentage of partial correlations between EGS and preseason temperature,
precipitation and solar radiation. P indicates a positive correlation, N indicates a negative correlation,
the ratio in parentheses indicates the percentage of pixels at the 95% level of significance level.

3.3. Relationships between SGS and EGS

In the western regions of the YRB, the distribution of EGS and SGS showed a positive
partial correlation, which accounted for 52.1% of the pixels. Among these pixels, 10.2%
exhibited statistically significant results. (Figure 6). Around 47.9% of the YRB’s central
regions exhibited a negative correlation between the EGS and SGS, while approximately
15.9% of the pixels showed statistical significance.
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Figure 6. Spatial distribution of partial correlation coefficients between EGS and SGS in the YRB
during 1982-2015. Coefficient values of £0.46 and £0.36 are indicated at the 99% and 95% significance
levels, respectively. The top-left inset represents the frequency distributions of the corresponding
coefficients, of which the values were indicated by the map legend.

For different biomes, SGS was positively correlated with the EGS of ENF and grassland
(Figure 7) and the pixels showed a significant positive correlation of 9.2% and 12.5%,
respectively. However, the EGS of other biomes had a negative correlation with SGS in
more than 70% of the pixels, among which pixels with a significant negative correlation
accounted for more than 20%.

100
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80- (12.5%) ——
) 51.7%
60 ™ (9.2%)
= 28.8%
O\ 40 B [(_".Suz‘, 13_“ 6 {75‘}1))
b o) (2.0%) 30,
D) 20 (1.0%)
=]
8 o]
o
3!
—
[
ol
48.3%
(2.3%)
T1.2%
(21.1%)

¢ A
& ¢

Figure 7. Percentages of the partial correlation coefficient between EGS and SGS of different vege-
tation types from 1982 to 2015. Bars above 0 and below 0 represent the percentage of positive and
negative correlations, respectively. Colored sections indicate the percentage of correlations that are
statistically significant at the 95% level.
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3.4. Contributions of Driving Factors to the Dynamics of EGS

By utilizing GDM, the calculation for the explanatory power value of every driving
factor was performed to ascertain the extent of each factor’s influence on the fluctuations
of EGS over the study period (Table 1). The explanatory power value of SGS and preseason
temperature was found to be the highest for the entire study area, with SGS accounting
for 39.71% and preseason temperature accounting for 33.39% of the variation in EGS. This
suggests that these two variables have a significant influence on the EGS. Additionally, the
explanatory power of preseason precipitation was lower compared to SGS and temperature,
only about 15.67%. In contrast, the preseason solar radiation had relatively less effect on the
variation in EGS, with an explanatory power of 0.63%. In general, SGS exerts a substantial
role in influencing the changes in EGS among driver factors.

Table 1. The explanatory power of driving factors from 1982 to 2015 in the study area.

Driving SGS Preseason Preseason Preseason

Factors Temperature Precipitation Solar Radiation

The whole area  39.71% 33.39% 18.83% 0.63%

DBF 29.45% 21.42% 15.97% 3.10%

ENF 37.61% 14.26% 5.35% 0.57%

DNF 25.47% 15.03% 16.71% 0.64%

Grassland 19.48% 15.12% 41.61% 1.72%

Ccv 7.16% 2.03% 0.50% 0.51%

The explanatory power of driving factors varied among different vegetation types.
As far as woody plants are concerned, the explanatory power of SGS to the EGS of DBF,
ENF and DNF was higher than climatic factors, which were 29.45%, 37.61% and 25.47%,
respectively. Comparing the explanatory power of climatic factors for DBF, ENF and
DNE, the explanatory power of solar radiation was the smallest (3.10%, 0.57% and 0.64%,
respectively). The preseason temperature had the highest explanatory power for these three
woody vegetation types, which reached 21.42%, 14.26% and 15.03%, respectively. One thing
to note is that the explanatory power of preseason precipitation to ENF was considerably
lower than that of DBF and DNF, only 5.35%. For herbaceous plants, preseason precipitation
had the strongest explanatory power among all driving factors for the variation in EGS
of grassland over the past 34 years, accounting for 41.61%. In contrast, the explanatory
power of driving factors for CV was significantly lower than those of DBF, ENF, DNF and
grassland, which means that these driving factors have limited explanatory power for the
dynamic changes in the EGS of CV.

3.5. Investigating the Effect of Drought on EGS

The Rmax between EGS and SPEI reflects how the EGS responds to droughts and
the accumulated months that Rpmax occurred implies the sensitivity of EGS to droughts.
Generally, widespread positive correlations were detected throughout the YRB (76.7%).
Approximately 17.8% of pixels are statistically significant, primarily concentrated in the
central areas (Figure 8). The remaining ~23.3% of all pixels located in the southern areas
showed negative correlations with only 0.75% being significant. Furthermore, the accu-
mulated months where the Rmax occurred were concentrated at 1-3 months, reaching a
staggering 57.3%, which was concentrated in central and western regions. This implied
that the EGS of vegetation biomes in these areas had a prompt response to drought. Ad-
ditionally, approximately 28.1% of the Rmnax were possessed by the 3-month SPEI, which
is particularly true in the central parts. The pixels with Rpnax that occurred at 4-6 months,
accounting for 28.9%, were found on the edge of the eastern and western parts. Other
pixels with Rmax that occurred at 7-12 months only accounted for 13.8%. These results
suggested that the EGS in the YRB responded to drought at short and medium timescales.
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Figure 8. Spatial distribution of the maximum partial correlation coefficient between EGS and SPEI
from 1982 to 2015 (a) and the corresponding time scales at which maximum partial correlation
coefficient occurred are obtained (b). Coefficient values of +0.46 and +0.36 are indicated at the 99%
and 95% significance levels, respectively.

According to the findings presented in Figure 9, the Rpnax at different time scales
exhibited predominantly positive values across various vegetation types. The highest
percentage of maximum significant correlation was observed in grassland (25.8%), followed
by DNF (24.1%) and shrub (19.8%), whereas the smallest proportion was observed in ENF
(9.6%). As for the timescale of Rmax among different vegetation types, the dominant time
scales for grasslands and CV seem concentrated in 1- to 4-month timescales, while the
EGS of forest biomes (i.e., DBE, ENF and DNF) had slightly larger proportions with 3- to
6-month SPEL
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Figure 9. Percentage of the Rmax between EGS and SPEI at different time scales (1- to 12-month) for
each vegetation type: (a) deciduous coniferous forest; (b) evergreen coniferous forest; (c) deciduous
broad-leaved forest; (d) grassland; (e) cultivated vegetation. Note: PS represents the ratio of pixels
having a significant positive correlation between EGS and SPEI on a 1- to 12-month time scale
to all the pixels within this vegetation type; NS represents the ratio of pixels having a significant
negative correlation between EGS and SPEI on a 1- to 12-month time scale to all the pixels within this
vegetation type.

4. Discussion
4.1. Change in EGS across the YRB

This study reported an overall significant delayed trend in EGS of the YRB during
1982-2015, with a delaying trend of 0.42 days/yr. This delaying trend in the YRB was
in accord with previous studies that investigated the variations of EGS in China based
on satellite datasets provided by different sensors [13,79]. Furthermore, the delaying
magnitude of EGS in our study is close to that of studies exploring a similar study area.
For example, both Sun et al. [80] and Xie et al. [81] proved that EGS in the Loess Plateau
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region exhibited a noticeable delay trend based on the AVHRR LTDR dataset. However, the
delay rate observed in the former study (0.66 days/yr) was slightly lower compared to the
latter (0.74 days/yr). The slight differences among these studies are likely associated with
variations in the data origins, the geographic location of the research area and the approach
employed for phenology extraction. Nevertheless, as a whole, these findings suggest that
our study outcomes can adequately elucidate the variations in EGS within the YRB.
Although all five types of community EGS have experienced delays over the past
34 years, there are variations in the temporal changes at the biome level. The delaying
trend of cultivated vegetation was particularly prominent compared to other vegetation
types. This could be attributed to the fact that cultivated vegetation is influenced not only
by environmental cues but also by framing management. In certain cases, the impact of
framing management outweighs that of environmental factors [82]. The delaying trend of
EGS for grassland was stronger than that of woody plants (DBF/DNF/ENF) in the case of
natural vegetation. This finding aligns with the results of Pei et al. [83] and Ma et al. [32],
showing that the EGS of grassland on the Loess Plateau and Inner Mongolia Plateau was
significantly delayed and the delaying trend was higher than that of forests and shrubs.

4.2. Regulatory Mechanisms for EGS

To evaluate the contributions of potential factors on the EGS, the GDM under the
assumption of nonlinearity was implemented in this study. The results showed that among
the possible driving factors, SGS has the largest explanatory power for the interannual
variation in EGS at the regional scale, which is about 39.7%, followed by preseason tem-
perature (Table 1). This indicated that SGS is the key factor governing the variations in
EGS within the YRB. Previous studies undertaken in the Tibetan Plateau have likewise
identified this strong control of SGS on EGS [51,84]. Additionally, the partial correlation
between EGS and SGS also showed that earlier SGS might lead to earlier EGS (52.1%). This
phenomenon has been extensively documented in previous studies on grasslands [13] or
woody species [18] and it is predominantly connected to the self-regulation mechanism of
vegetation; that is, the present phase of development shows a stronger correlation with its
preceding phase [57]. Meanwhile, the adverse environmental conditions caused by changes
in SGS are also considered to have an impact on EGS [85]. As proof, a colder temperature
after an earlier spring budburst or an increase in pest attacks and insect outbreaks would
make plants vulnerable to leaf damage [86,87]. Buermann et al. [88] suggested that soil
water losses that arise from earlier SGS could increase the drought duration of summer and
autumn and consequently lead to an earlier EGS. Moreover, Zu et al. [84] also suggested
that there was a stronger control of SGS on EGS in harsh environments due to the circadian
rhythm of vegetation. On the other hand, certain research based on experiments has put
forward a fresh hypothesis suggesting that the regulation of SGS on EGS may be ascribed
to a maximum limit on the storage of nonstructural carbohydrates [48,89]. It is worth
noting that a notable negative relationship between EGS and SGS was also identified in a
certain region of the study area. Similar reports have also been documented in the Greater
Khingan Mountains and midlatitudes of the NH [52,53]. One possible explanation for this
situation is that the advanced SGS and delayed EGS due to global warming from the 1980s
onward [90].

For vegetation types, the explanatory power of the preseason temperature on EGS was
second to SGS, especially in woody plants (DNF, DBF and ENF). The partial correlation
results also showed that the EGS of woody plants had a positive correlation with the
preseason temperature in more than 70% of the pixels, which indicates that the delayed
EGS in woody plants might be attributed to a warmer preseason temperature. This is
largely because the activity of photosynthetic enzymes of plants is controlled by temper-
ature. The preseason temperature increase has the potential to enhance the functioning
of photosynthetic enzymes, consequently retarding the breakdown of chlorophyll in the
early stages of leaf senescence [91,92]. On the other hand, an increase in the preseason
temperature may also lower the risk of vegetation suffering from frost damage [93]. How-
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ever, the explanatory power of the preseason temperature on the variations of EGS in
grasslands was weaker than that on woody plants. Furthermore, our results revealed that
preseason precipitation exerts a dominant influence on the occurrence of EGS in grasslands.
This phenomenon signifies that the climate and hydrothermal background in which these
biomes were located contribute greatly to this occurrence. Specifically, the woody plants
in the YRB were commonly distributed in the southeastern area, experiencing an annual
mean precipitation ranging from 600 to 1000 mm. On the other hand, the grassland was
located in the northwestern and northern areas, with annual mean precipitation between
200 and 400 mm (Figure 1c). Therefore, biomes developed distinct survival strategies for
maximum adaptation to the environment [94,95]. To a certain extent, this can also explain
why preseason precipitation has the largest explanatory power for the variations of EGS
in grassland. Stronger control of preseason precipitation in EGS might be attributed to
the intensified preseason precipitation, which potentially mitigates the adverse impacts of
water stress in the autumn on plant growth, such as inhibiting photosynthesis activities
and increasing the risk of chlorophyll degradation [96-98]. Compared to woody plants
and grasslands, each driving factor (SGS, preseason temperature, preseason precipitation
and preseason solar radiation) had a weak explanatory power on the variations of EGS
in CV. This may be attributed to the fact that CV is more affected by human agricultural
management. It was also unveiled that the preseason solar radiation had the weakest
explanatory power for the interannual variations in EGS across the entire region as well
as various plant species. This feeble impact of preseason insolation could plausibly be
attributed to the limited sensitivity of EGS toward changes in insolation owing to abundant
solar radiation in the YRB.

4.3. Autumn Phenology Response to Drought

Previous studies suggested that the timescale of the maximum correlation coefficient
between vegetation indices and SPEI could help us understand how vegetation responds to
drought [99,100]. Therefore, in this study, we also revolved around examining the reactions
of EGS to dry-wet circumstances by using the SPEI The results showed that drought might
lead to a general advancement in the EGS across the YRB since around 76.7% of the total
pixels positively correlated with SPEL This might be related to the fact that the date of
the phenology event changed since drought affected the carbon and water processes of
plants [101,102]. Specifically, the preseason drought would accelerate the closing of stomata
and then reduce the rate of transpiration and photosynthesis [43]. Moreover, plants need to
accelerate carbon degradation to maintain respiration [103,104], thus leading to the advance
of EGS. On the other hand, most studies have shown that the preceding phase’s status in
the life cycle greatly influences the development and progression of the subsequent phase.
Hence, the cumulative effect of water on the EGS is determined by the combined impact of
water availability across different phases [79,105].

Moreover, our observations indicated that drought had a substantial cumulative
impact specifically in the central region of the YRB. This impact was particularly prevalent
for periods spanning 1- to 3-months and it was mainly observed in grassland. This implies
that the EGS of grasslands could respond quicker to drought than other biomes. This is
largely ascribed to the root functional traits and water use strategies. Although the shallow
roots prevent grasslands from accessing water in deeper soil layers [106,107], the thinner
roots benefit grasslands in adverse environments as they enable effective exploration of soil
resources as well as decrease the reliance on symbiotic mycorrhizal fungi [108]. These two
aspects together make EGS respond quickly to drought in grasslands. On the other hand,
the xylem system of grasslands had a low storage capacity for water and carbon, which
resulted in a lower resistance of grasslands to drought [109]. However, the timescale of
Rmax for the woody plants was generally longer than herbaceous biomes, as indicated by
larger proportions with 3- to 6-month SPEI. This arises from the forest biomes characterized
by extensive and deeper root systems, which facilitate the absorption of water accumulated
in the lower strata of the soil [110]. The thicker roots of forests also enable them to obtain
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abundant resources and to survive [111]. Additionally, because the water storage capacity
and processes of forest biomes are more complicated than herbaceous plants [112], the EGS
of forest biomes showed a tardy response when the drought occurred. Based on the varied
responses of EGS among different biomes to drought, it can be concluded that grasslands
were the most susceptible vegetation types to water stress. With the anticipated rise in
both occurrence and severity of drought under future climate scenarios, it is suspected that
grasslands that played a vital role in reducing sandstorms and preventing land degradation
in the YRB would be the first to be threatened; thus, there is an urgent need to establish an
accurate drought prediction system.

4.4. Uncertainties and Limitations

Although the inter-annual variation trend of EGS in the YRB obtained by using the
longest time series remote sensing dataset (GIMMS NDVI3g) was consistent with previous
research results, there is still a certain degree of uncertainty. The coarse spatial resolution of
this dataset might result in mixed vegetation types, which consequently overlook the minor
cover types and cannot capture the phenology information of all biomes [53]. Nonetheless,
previous studies using GIMMS NDVI3g to investigate phenology at regional to continental
scales have revealed its capacity to impart valuable insights into prolonged alterations in
plant development throughout the seasons. However, increasing studies have suggested
that the most effective approach to reducing uncertainty is by integrating various remote
sensing datasets of differing spatial resolution to assess vegetation phenology dynamics [2].
Additionally, while GDM is important in the application in vegetation phenology studies,
it is worth noting that GDM relies on clear spatial differences between geographical phe-
nomena [113]. Large spatial scales may somewhat obscure these differences, leading to a
low effect degree of the factors having microscopic spatial distribution [114]. Therefore,
future research should carefully consider the sensitivity of GDM to scale.

Although the effect of several major driving factors on the EGS has been investigated,
it is still unclear how the EGS responds to other factors, especially human factors. For
example, land-use changes caused by large ecological engineering and urban heat island
effects caused by urbanization could also result in a series of influences on the EGS [115,116].
Therefore, considering these factors in phenology studies is still a great challenge for
future research.

5. Conclusions

This study focused on examining changes in the trend of EGS in various biomes within
the YRB from 1982 to 2015 by using the GIMMS-3g 1/12° spatial resolution NDVI data.
Additionally, correlation analysis and GDM were employed to investigate the main factors
responsible for the observed alterations in EGS. Findings revealed a significant delay in the
EGS for both the entire basin (0.42 days/yr) and each vegetation type. The contribution
of driving factors (SGS, preseason temperature, preseason precipitation and preseason
solar radiation) to the interannual variations of EGS in the YRB was detected by using
the GDM. The dominant role of SGS was observed for the whole study area. For various
vegetation types, the strong control of EGS in woody plants (DBF, DNF and ENF) by SGS
exceeded climatic driving factors. However, for the grasslands, the predominant factor
governing the fluctuations in EGS was preseason precipitation. In contrast, each driving
factor has a weak explanatory power for the dynamics of EGS in CV. Additionally, the
relationship between drought and EGS further proved that the EGS of grasslands was
more sensitive to precipitation than that of woody plants. The findings of this investigation
might assist in enhancing our comprehension of the shifts in autumn phenology within the
basin ecosystem as well as how it responds to multiple driving forces.
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